A pattern of alternating light and dark columns was observed in wet, unstained sections of macaque striate cortex after monocular enucleation. The columns were clearest in layer IV, but could be detected through the full thickness of the cortex. Subsequent processing for cytochrome oxidase (CO) showed that the light columns in wet sections viewed under darkfield illumination matched the ocular dominance columns serving the enucleated eye. These columns labeled preferentially with an antibody to myelin basic protein, suggesting that greater myelin content accounted for their brighter appearance. However, when sections were counterstained with luxol fast blue, Gallyas and Woelcke myelin techniques, the enucleated eye's columns appeared pale. It is unclear why classical myelin stains and myelin basic protein immunohistochemistry yielded opposite results. Discrepant patterns of myelin distribution were also found in normal animals using different myelin stains. Luxol fast blue showed homogeneous staining in layer IVc of macaque striate cortex, but the Gallyas stain revealed a pattern of thin pale bands alternating with wide dark bands, matching the pattern seen with the Liesegang stain. The CO patches in layers II and III fit in register with the wide dark myelin bands. In layers II and III of striate cortex, the Gallyas and luxol fast blue methods both labeled the CO patches. However, in squirrel monkey V2 the Gallyas stain labeled the pale CO stripes, whereas luxol fast blue labeled the dark CO stripes. These results indicate that patterns of myelin staining in visual cortex can vary according to the choice of technique, and may not reflect the true distribution of myelin. Studies of myeloarchitecture should employ a variety of myelin techniques, including examination of unstained sections, to obtain the most accurate picture of cortical myelin content.
Introduction
Little is known about the effects of optic nerve transection upon myelin in striate cortex. Our interest in this problem developed after noticing a pattern of alternating light and dark columns in unprocessed sections of striate cortex from macaques with a history of monocular enucleation. The columns were observed in free-f loating sections cut on a freezing microtome. When the sections were mounted on slides and dried, the columns became nearly invisible. However, they reappeared upon subsequent hydration and could be photographed easily using darkfield illumination. Patterns of gray and white seen in unstained, wet brain sections are known to ref lect the tissue's myelin content (Guzmán et al., 1958; R ichter and Warner, 1974) . For this reason, we suspected that monocular enucleation might have altered the myelin content of the cortex, rendering the ocular dominance columns (Hubel and Wiesel, 1977) visible in wet sections. To test this notion, sections were processed for cytochrome oxidase (CO), myelin basic protein immunohistochemistory, luxol fast blue, Gallyas and Woelcke myelin stains. Comparison of adjacent sections confirmed that monocular enucleation reveals ocular dominance columns in wet, unprocessed sections of striate cortex. However, myelin basic protein immunohistochemistry and the classical myelin stains yielded contrary staining patterns.
While undertaking this study of myelin changes induced by monocular enucleation, we also examined patterns of myelin in normal monkey visual cortex. In the squirrel monkey, Tootell et al. (1983) reported that CO patches stain darkly for myelin with luxol fast blue. The same result was found in the owl monkey (Horton, 1984) . Tootell et al. (1983) also reported that CO stripes in V2 were visible in unstained sections and stained preferentially with luxol fast blue. However, with the Gallyas myelin stain, Kaas (1989, 1990) found just the opposite: darker staining in regions between V1 patches and between V2 stripes. To resolve this discrepancy, we used the luxol fast blue, Gallyas and Liesegang stains to study V1 in normal macaques and squirrel monkeys and V2 in normal squirrel monkeys.
We included the Liesegang method in our inventory of myelin stains because LeVay et al. (1975) had previously described a curious pattern of alternating thin pale bands and thick dark bands related to ocular dominance columns in macaque striate cortex. This method is a reduced silver stain which labels fibers and myelin preferentially. We were interested to learn how the Liesegang pattern compared with other myelin patterns, and to examine its relationship to the pattern of CO patches.
Materials and Methods

Experimental Animals
These experiments were conducted in nine male monkeys (Table 1) . Before use, each animal was examined to exclude any condition that might cause amblyopia, such as cataract, strabismus or anisometropia. The right eye was enucleated under general anesthesia in four of the macaques, following a protocol approved by the University of California, San Francisco Committee on Animal Research. After surgery, the animals were treated with Buprenorphine HCl (0.02 mg/kg, i.m.) every 8 h for 2 days to assure analgesia.
Prior to perfusion, all animals received a lethal dose of sodium pentobarbital in the peritoneal cavity. One liter of normal saline followed by 1.5 l of 2% paraformaldehyde was infused through the left ventricle. The occipital lobes were placed immediately into 0.1 M phosphate buffer. A sheet of tissue containing V1 and part of V2 was dissected from the occipital lobes, unfolded, f lattened and left overnight in 1% paraformaldehyde plus 30% sucrose. The pial surface of the f lat-mount was frozen f lat against a glass slide covered with Saran Wrap by pressing a bag of powdered dr y-ice against the white matter surface. Serial sections were cut at 30 µm, mounted on slides and air-dried. The next day, the unprocessed sections were rehydrated and photographed in darkfield using Tech-Pan film (Eastman Kodak, Rochester, NY) developed with D-19 (Eastman Kodak). The sections were then reacted for CO activity (Wong-Riley, 1979) or stained for myelin. Sections from each animal were also stained for Nissl substance.
Myelin Staining
For myelin staining, the slide-mounted sections were post-fixed in 2%
Myelin Patterns in V1 and V2 of Normal and Monocularly Enucleated Monkeys paraformaldehyde for 4 days. Afterwards, they were processed with one of the myelin techniques listed below. For each method, we followed exactly the procedure provided in the reference. Sections reacted for the Gallyas and Liesegang silver methods, and myelin basic protein immunohistochemistry, were not defatted. Sections for the luxol fast blue and Woelcke myelin stains were dehydrated in ethanol and defatted in xylene for 1 h.
(1) Luxol fast blue method of Klüver-Barrera (Luna, 1968) (2) Gallyas silver method (Gallyas, 1979) (3) Liesegang silver method (LeVay et al., 1975) (4) Woelcke hematoxylin method (Luna, 1968) (5) Myelin basic protein immunohistochemistry The monoclonal antibody (Boehringer Mannheim, Indianapolis, IN), which recognizes residues 130-137 of monkey myelin basic protein, was applied at a 1:500 dilution to the tissue sections. The primary antibody was detected using an avidin-biotin complex Biostain kit (Biomeda, Foster City, CA) and visualized with diaminobenzidine. Controls omitting the anti-myelin basic protein antibody showed no labeling.
Results
Ocular Dominance Columns in Wet, Unprocessed Sections
In normal animals, no pattern of columns was seen in wet, unstained sections through layer IV. By contrast, after monocular enucleation, a distinct pattern of alternating light and dark columns appeared in all macaques. These columns were most prominent in layer IVb (stria of Gennari) and layer IVc, but were also faintly visible in layers II, III, V and VI. Figure 1A shows a CO-stained section through layer IV of the left striate cortex of monkey 4 after enucleation of the right eye. The section passes through the optic disc representation, which appears as a large dark oval, surrounded by a pattern of alternating dark and light columns. We have shown previously by combining transneuronal [ 3 H]proline autoradiography with CO histochemistry that the light columns are the ocular dominance columns serving the enucleated eye (Horton, 1984) . Figure 1B shows the same section, wet and unstained, prior to CO reaction. In darkfield, the optic disc representation appears dark, and the ocular dominance columns belonging to the enucleated eye are light. Because myelin appears bright in darkfield, the light appearance of the enucleated eye's columns implies a greater myelin content.
Ocular Dominance Columns Revealed by Classical Myelin Stains
After monocular enucleation, the optic nerve becomes atrophic and loses myelin through the process of Wallerian degeneration. We expected to see a similar effect in the cortex, namely reduced myelin within ocular dominance columns serving the missing eye. Puzzled by the apparent increase in myelin seen in wet, unstained sections, we decided to test classical myelin stains. Figure 2 compares CO, unstained and luxol fast blue patterns in another monkey 3 weeks after enucleation of the right eye. As expected, because of their high myelin content, the stria of Gennari and subcortical white matter appeared bright in the wet, unstained section and dark in the luxol fast blue section. The optic disc representation (asterisk) is dark. The dark column in A (arrow) is also dark in B (arrow). In darkfield illumination, myelin is known to appear bright. Because the dark CO columns in A match the dark columns in B, the ocular dominance columns serving the intact eye appear to contain relatively less myelin. In the wet, unstained section the ocular dominance columns of the enucleated eye appeared light, consistent with the result shown in Figure 1 . However, the enucleated eye's columns also appeared light in the luxol fast blue stain. This result was contradictory, because the enucleated eye's columns should have appeared dark with luxol fast blue if they contained more myelin (Table 2) . Faced with this discrepancy, we turned to another myelin stain. Figure 3 compares CO, unstained and Gallyas myelin patterns in a monkey after monocular enucleation. Again, the light CO columns matched the light columns in the wet, unstained section. The dark Gallyas bands fell within the dark CO columns, similar to the result obtained with the luxol fast blue method. However, the pattern of bands seen with the Gallyas stain differed from those visualized with luxol fast blue. Whereas the dark and light columns in luxol fast blue were equal in width, the Gallyas stain yielded thin dark bands alternating with wide light bands (Fig. 3C) . The significance of this finding will become clear shortly, in a later section describing the Gallyas pattern in normal macaques.
The luxol fast blue results were obtained in four enucleated monkeys and the Gallyas results were confirmed in two enucleated monkeys (Table 1) . We also examined the pattern of Woelcke myelin staining in a single animal. Figure 4 shows a match between dark columns labeled with CO and dark columns labeled with the Woelcke stain. This result is consistent with the results obtained with the luxol fast blue method (Table 2) .
Myelin Basic Protein Immunohistochemistry
All three classical myelin techniques implied the same result: less myelin in the ocular dominance columns of the enucleated eye. Because this finding conf licted with our observations in wet, unstained sections, we decided to use a monoclonal antibody against myelin basic protein for more specific myelin localization. Figure 5 shows the distribution of anti-myelin basic protein label after monocular enucleation in monkey 6. The white matter and the stria of Gennari (layer IVb) are dark, ref lecting their high myelin content. Within layer IVb a pattern of columns is visible. The dark immunostained columns match the light columns in the same wet, unstained section prior to antibody processing (Fig. 5E,F) This result supports the inference from wet, unstained sections that myelin content is greater in the enucleated eye's ocular dominance columns than in those of the intact eye (Table 2) . It also runs counter to the results obtained with the classical myelin stains. This finding was confirmed in two other monkeys (Table 1) .
Myelin in Normal Macaque V1
Luxol fast blue, myelin basic protein immunohistochemistry and wet, unstained sections showed no pattern in layer IV of normal macaque striate cortex (not illustrated). However, the Liesegang silver stain showed an intriguing pattern (Fig. 6A,D) of alternating thin pale bands and thick dark bands, first observed The column pattern seen with the Gallyas stain is not congruent with the ocular dominance columns (see Fig. 3 ). by LeVay et al. (1975) . They reported that the thin pale bands straddled the border between ocular dominance columns and that the thick dark bands fitted within the middle of ocular dominance columns. With the Gallyas silver stain we found a similar pattern in layer IV (Fig. 6C ). This pattern in normal animals explains the Gallyas pattern we found after removal of one eye (Fig. 3C) . Monocular enucleation caused every other thick dark band to become pale. Because every other dark band virtually disappeared, the surviving dark bands occurred at half their normal frequency in the cortex. Furthermore, because one set was lost, the remaining set of dark bands appeared thin compared with the expanded pale bands. By contrast, in normal striate cortex, the dark bands are thicker than the pale bands. The rows of CO patches in layers II and III of macaque striate cortex run down the middle of the ocular dominance columns in layer IVc (Horton and Hubel, 1981; Horton, 1984) . If dark Liesegang bands are centered within ocular dominance columns, one would expect them to fit in register with rows of CO patches. To test this relationship, we overlaid the patches in layers II and III (Fig. 6E) upon the Liesegang pattern in layer IVc (Fig. 6D) . As predicted, the CO patches fell within the dark Liesegang bands (Fig. 6F) .
In wet, unstained sections through layers II and III of normal macaque striate cortex we occasionally caught glimpses of pale dots resembling CO patches, but they were too faint to illustrate. The same was true of the Liesegang stain. Myelin basic protein immunohistochemistr y labeled the upper layers weakly and revealed no pattern. However, the luxol fast blue (Fig. 7) and Gallyas methods (Fig. 8) showed clear patches which corresponded perfectly to the CO patches in adjacent sections. After monocular enucleation, the rows of patches in register with the missing eye became fainter in the luxol fast blue and Gallyas stains (not illustrated).
Myelin in Normal Squirrel Monkey V1 and V2
In the normal squirrel monkey V1, luxol fast blue showed uniform staining in layers IVc and IVb (Fig. 9B) . In layers II and III a system of regular patches coincided with the CO patches in adjacent sections (Fig. 9C,D) . In V2, the luxol stain revealed regular dark stripes perpendicular to the V1/V2 border (Fig. 9B) . They matched the CO stripes in V2, confirming the findings of Tootell et al. (1983) (Table 3) . In V1 the Gallyas stain showed patches in layers II and III which matched the patches in adjacent CO sections, although the patterns were not perfectly congruent (Fig. 10C,D) . In layer IV, it revealed a complex, fine lattice of dark staining which bore no consistent relationship to the patches in more superficial layers, and sometimes matched the interpatch zones (Krubitzer and Kaas, 1989) . In V2, a regular pattern of pale stripes was seen (Fig. 10B) . These pale Gallyas stripes were centered upon the dark CO stripes in adjacent sections (Fig. 10A) , confirming the findings of Krubitzer and Kaas (1989) , although the patterns were not perfectly reciprocal because the pale Gallyas stripes were slightly wider than the dark CO stripes.
We did not perform myelin basic protein immunohistochemistry in the squirrel monkey, but we examined wet, unstained sections. We could not see patches in layers II and III of V1. However, in V2 we observed regular light stripes which matched the dark stripes seen after the section was reacted for CO activity (Fig. 11) . Thus, the wet sections and the luxol fast blue sections suggested higher myelin content in V2 dark CO stripes, whereas the Gallyas stain implied less myelin (Table 3) .
Discussion
A fter LeVay et al. (1975) discovered the Liesegang pattern in macaque striate cortex they remarked that 'it comes as a surprise that the ocular dominance system may be visualized and mapped by a method as simple and old-fashioned as a Cajal silver stain'. We shared a similar reaction upon finding that ocular dominance columns could be seen in wet, unprocessed sections of monkey striate cortex after monocular enucleation. We first noticed them while mounting free-f loating sections in a glass dish on a black benchtop, which created a darkfield effect. The columns appeared as a mosaic of alternating dark and light stripes. By subsequently processing sections for CO activity, we showed that the light stripes corresponded to the ocular dominance columns of the missing eye. The columns were also visible in lightfield, but less obvious. Under these conditions, the columns of the enucleated eye appeared dark.
We suspected that anterograde transneuronal atrophy induced by monocular enucleation altered the myelin concentration in striate cortex, causing ocular dominance columns to emerge in wet, unprocessed sections. It appeared that relative myelin content was greater in the enucleated eye's columns, based upon the fact that myelin appears bright when unstained sections are viewed in darkfield. However, the luxol fast blue, Woelcke and Gallyas myelin stains yielded darker staining in the normal eye's columns. Faced with this paradox, we used myelin basic protein immunohistochemistry to resolve which set of columns contained more myelin. This method confirmed our original supposition: the bright columns in darkfield reacted more intensely with the anti-myelin basic protein antibody (Table 2) . We cannot be entirely sure which set of results to believe, but we place more stock in the findings from the wet, unstained sections and the myelin basic protein immunohistochemistry, because the latter is based upon the affinity of a monoclonal antibody directed specifically against a major component of myelin sheaths.
After monocular enucleation, we expected cortical atrophy to reduce myelin content in the missing eye's columns. We were puzzled initially to find just the opposite effect. However, this result, which runs counter to intuition, has a precedent in prior studies of Nissl and acetylcholinesterase staining in the visual cortex after monocular enucleation (Haseltine et al., 1979; Horton 1984) . In these reports, the columns serving the enucleated eye stained darker. Neurons in layer IVc were shrunken, but loss of neuropil increased their packing density, producing darker columns. In this present study we stained occasional sections for Nissl substance to verify that the enucleated eye's columns stained dark (Table 2) . Perhaps condensation of the neuropil caused by transneuronal atrophy led to a relative increase in myelin. This notion might explain our finding of greater myelin content in the enucleated eye's columns, but still does not account for the reciprocal pattern obtained with the classical myelin stains.
Not only did our results from the classical myelin stains and myelin basic protein immunohistochemistry disagree, but in normal visual cortex the classical myelin stains produced different patterns in layer IVc. Luxol fast blue showed no columns, but the Gallyas myelin stain yielded a pattern of wide dark strips alternating with thin light strips. This pattern resembled the pattern found with the Liesegang method (LeVay et al., 1975) . In a prior report (Horton, 1984, Fig. 37 ), we predicted that each row of CO patches in layers II and III would correspond to a dark Liesegang strip in layer IVc. Finally, we have confirmed this relationship directly in normal macaque striate cortex (Fig. 6F) . It is apparent that the Liesegang/Gallyas pattern is related to the CO patch/interpatch system, and is not a ref lection of more sparsely myelinated geniculocortical afferents along the borders of ocular dominance columns as suggested by LeVay and colleagues. This inference is further supported by the observation that the Liesegang/Gallyas pattern is also visible in layers V and IVb, which do not receive a geniculocortical projection. The dark Liesegang/Gallyas bands correspond to the monocular core zones of the ocular dominance columns which fit in register with the CO patches. The pale Liesegang/Gallyas bands correspond to the more binocular border strips which run along the edges of the ocular dominance columns, and coincide with the interpatch regions of the upper layers (Horton, 1984) . After monocular enucleation, the dark strips centered within the missing eye's ocular dominance columns turn pale (Fig. 3) . A similar effect was reported by LeVay et al. (1980) after monocular suture, although they presented conf licting data about whether the remaining dark strips are centered within deprived columns or normal columns (compare Fig. 24 and Fig.  36 , LeVay et al., 1980) . In V2 of normal squirrel monkeys, we also obtained conf licting results from the classical myelin stains (Table 3) . Luxol fast blue stained the dark CO stripes (confirming Tootell and Silverman, 1983) , whereas the Gallyas method stained the pale stripes (confirming Krubitzer and Kaas, 1989) . In the upper layers of normal macaque and squirrel monkey V1, both methods stained the CO patches preferentially. However, in layer IV of normal squirrel monkey V1, the Gallyas stain disclosed a pattern which did not match the patches or the interpatches in the upper layers. Perhaps this Gallyas pattern is related to ocular dominance columns in squirrel monkey striate cortex (Horton and Hocking, 1996) , just as the Gallyas pattern is related to ocular dominance columns in macaques. This notion would explain the lack of correspondence with the CO patches, because in the squirrel monkey the ocular dominance columns are not aligned with the CO patches.
The distribution of myelin has often been relied upon to map the boundaries of various functional areas within the cerebral cortex (Allman and Kaas, 1971; Van Essen et al., 1986; Preuss and Goldman-Rakic, 1991) . It has also been useful for identifying columnar systems within individual cortical regions. For this reason, it was disquieting to find different patterns of staining in different layers of different cortical regions using different myelin techniques. In this study, we examined four classical myelin stains, myelin immunohistochemistry and wet, unstained sections. All six techniques identified myelin faithfully, in the sense that white matter and gray matter were differentiated accurately in every animal. However, within the gray matter itself, these techniques yielded variable and even contradictory patterns, as outlined in the foregoing discussion. It may be worthwhile, in future myeloarchitectural surveys, to examine the cortex with as many different myelin techniques as possible, to avoid basing conclusions on the idiosyncrasies of any particular method. Wet, unstained sections may also provide useful supplementary data about the distribution of myelin. They are easy to prepare, and have the virtue of being available later for processing with other techniques.
If the chemistry of myelin stains were better understood, it might be possible to explain why different methods produced different patterns in the same tissue. Unfortunately, knowledge about how classical stains interact with biological tissues is incomplete, or, as one anatomist has said, 'the difference between a dyer and a histologist is that the former knows what he is doing' (Baker, 1958) . Most methods have been developed empirically, with little understanding of the basic reactions underlying their staining patterns. Luxol fast blue is thought to have an affinity for the phospholipids in myelin (Clasen et al., 1967) . It also stains mitochondria (Takaya, 1967) , which are rich in phospholipids. This might impart a dual character to the stain, giving it an affinity for myelin within white matter and for CO-rich zones within gray matter, thus explaining why it stained the 'wrong' set of columns in layer IVc after monocular enucleation. The Woelcke method uses hematoxylin as a chromagen, which also binds to phospholipids, via a dichromate mordant. This may account for the similar patterns seen with the Woelcke and luxol fast blue stains.
The Gallyas and Liesegang patterns also resembled each other, although only the former stained the patches in layers II and III. Both methods revealed the system of core zones and border strips within the ocular dominance columns (Horton, 1984) , which appeared as alternating thick dark and thin pale bands. In both stains, myelin is thought to result in the deposition of colloidal silver grains within the tissue (Peters, 1955; Gallyas, 1979) . The luxol fast blue and Woelcke methods did not reveal this banding pattern, perhaps because they have less tendency to label fibers as well. This difference might explain why the luxol fast blue and the Gallyas stain gave opposite staining patterns in squirrel monkey V2. In this paper we have sampled only a few of the available myelin and fiber stains. Still other patterns might be found by processing the cortex with the methods of Bielschowsky, Bodian, Lapham, Weigert, Spielmeyer or Hortega. To show the real distribution of myelin, immunohistochemistry is probably the most accurate and specific method. However, this method is generally a disappointment when used to label the cortical gray matter, because the myelin content is too low for satisfactory results. We were successful in striate cortex only because the stria of Gennari is heavily myelinated. Our experience highlights the need for new techniques to localize myelin within the gray matter of the cerebral cortex. The classical myelin stains are inadequate, because under some circumstances they can produce contradictory and unreliable results.
